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ABSTRACT

This paper describes the initial design of a comprehensive hiera rchical

integrated circuit design system , that is currently being implemented at

Stanford University. This system encourages the use of structured hardware

design techniques . It is intended for the design and l ayout of large-scale

i ntegrated circuits by means of a comb i nation of manual and algorithmi c tech-

niques . ~~~,

INDEX TERMS : integrated ci rcuit design , hierarchical desi qn system ,

design automation , LSI circuit l ayout
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1. DESIGN PHILOSOPHY

Th is system is based on the orernise tha t the orocess of designing any

large scale sys tem i s hi era rchical in nature . Some orononents of struc ture d

software desi gn propose a too-down design strategy and a bottom-up imnlementa-

tion strate gy. For ver y com olex hardware systems a s imilar di sc i ol i ne nay
greatly improve the correctness of the desion and the time requi red to obtain

the sol ution. As we quickl y approach the point where a ten-thousand or even

a fi fty-thousand-gate chin desiqn becomes feasible , it becomes i mportant to

devise a design methodology tha t will allow both rapid and correct design of

such circuits .

Tyoicallv, the logic design of a di gital system is done in a ton-down

fashion , wh ile the imolementation is done in a bottom-up fashion mainly. In
actual oract i ce , however , both logic design and layout are done by means of

a combination of top-down and botton-u~ approaches . Therefore , a desion sys-

tem should be able to i ncoroorate bot h strategies in order to allow the de-

signer the flexibility he needs to obtain a satisfactory design . This hier-

archical desi gn stra tegy is very similar to the way in which the human de-

si gner attacks a lar ge des iq n orob lem .

Currentl y, integrated circuit desion is supported by a collection of

often loosely connected programs , such as log ic simulators , au tomated place-

ment and rout i ng, circuit analysis and desiqn rule verification . The use of

automa ted layout methods denends heavily on the intended production vo l urie .

Currentl y, most hioh vo l ume designs are laid out manually and then digitized.

Design rule veri fication prorirams are often used to validate adherence to the

desi cin constraints innos ed by the technolorty . For custom des ig n of low volume
LSI circ u its , automated la yout packa ges such as PR2r) and 9P2r 15], LTX 161
and FA~1OS [7] are often emoloyed. The basic idea in these automatic aonroaches

is to define cells such as logic gates aml fli~ f loos , and to olace these in
rows . The disadvanta ne of this row-based layout anproach is that the silico r

area requi red for the layout of a circuit is much lam er than the area that

can he obtained by means of a careful manual approach .
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Recently, attempts have been made to partially automate the layout of
high volume designs. An example of these attempts is the FLOSS system, de-
vel oped at RCA [9]. An approach to less restrictive design of custom LSI
ci rcui ts is currently bei ng pursued by Sandia Laboratori es with the SICLOPS
system [8].

The main goals of the system that is being developed at Stanford are
the following:

1. To provi de a total design envi ronment for integrated ci rcuits ,
both high volume and low volume custom LSI ci rcuits.

2. To allow the designer to choose between a purely manual approach ,
a totally automatic approach or any combination that best suits
desi gn cost/production trade-offs. In such an envi ronment the
desi gner could , e.g., make use of manual techniques to lay out
basic functional blocks and then use an algori thmi c approach to
obtain a layout, which then could be further improved upon by
manual editing.

3. In order to provi de these characteristics , interactive graphics
is an essential part of the design methodology .

4. To perform dynami c design rule veri fication . At any stage of
the layout process , design rules will be checked. This will
prevent a layout designer from making a serious mistake which
may, in current systems, only be discovered much later.

5. Using the same philosophy , the system will dynamical ly check
whether the structural properties , i.e., the connectivity of
the ci rcuit is violated.

6. The system will have the ability to functionally veri fy a part
of the design , or the compl ete design , using circuit simulation
or logic simulation , at any poi nt in the design process.

7. The system will be as technolo ciically-independent as possible.
Design rules and other data relating to a specifi c technology
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will be stored in a technology file.

2. THE OVER-ALL IC DESIGN SYSTEM

The over-all structure of the system is shown in Fi gure 1.
In order to explain the concepts involved in the system we will go

through a simple design example; a 4-bit multi plier as shown in Figure 2.

The fi rst phase in a design is to interactively specify the design .
This is done by means of an interactive system that allows the designer to
specify the structure of the system and of each of its subsystems at the
various levels of abstraction defi ned by the designer.

An exampl e of such an hierarchical specification is illustrated in
Figure 2. At the highest l evel of abstraction the designer sees the 4-bi t
multiplier of Figure 2a as being constructed out of lower level primitives
such as one-bit multipliers of type MULTi , NAND gates and inverters (Figure
2b ). At the next leve l, the one-bit multiplier of type MULTi is described
in terms of f lipflops of tyne OFF and a full adder of type FADO (Figure 2c) .

At the following leve l both the flipfl op of type OFF and the full
adder of type FADD are descri bed in terms of NAND gates and inverters ,
(Figure 2d , and Figure 2e). At the fina l level , the NAND gates and in-
verter are specified in terms of transistors using CMOS technology (Figure
2f, Figure 2g, Figure 2h, Figure 2i).

The structure of eac h of these interactively specified diagrams is
translated into a language ca lled SOL , the Structural Design Lanquage [1].
The SDL specifi cation corresponding to each of these diagrams is shown in
Figure 3.

The designer ~.jill have at his disposition a macroexpansion capability
which allows him to expand the total system, or a part of the system , to
any level desired. The output of such an expansion is in the form of an
i ntermediate language . By using an intermediate language expansion at the
correct level the designer can perform a logic simulation at the flip-flop

3



interactive
design
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SDL — ( library~)compiler

( intermedi at~~\, I Macro
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Figure 1: Structure of the IC design system
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Figure 2a: 4-bit Multiplie r MULT4
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Figure 2b: High i~,t Level Descri ption of MULT46
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Figure 2c: One-bi t Multiplier MULTi
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Fi gure 2d: 0-type f lipf lop
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Figure 2e: Full Adder
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Figure 2f: CMOS Inverter Figure 2g: CMOS 2-input
NAND gate
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USER :~J MVC
NAME :HULT4;
PURPOSE: ICDE SLCN ;
L E V E L :  CHIP;
E X T : : A 1 ,A2 ,A 4 ,A8 ,B ,CLK ,CLR ,PRO D UCT ,V ,GND;
I N P U T S : A l ,A 2 ,A 4 ,A8 ,B ,C L K ,CLR ;
OUTPUTS: PRODUCT ;
T Y P E S :  ~1 ULT 1 , NAN I), INV ;
H U L T  1: ~I< 1:3> ;
I N V  : G2
NAN D : C l ;
N 1 = .A 1 ,~ 1< 1> .A;
N2= .A 2 ,?1-c2> .A ;
N 3= .A4 ,M<3 > .A;
N4 = . .A8 ,G1 .A ;
N5= . B , Cl. B ,M < l :  3 > . B;
N 6=M < 1> .P ,.PRODUCT;
N7= .CLK ,:1< l :3> .CLK;
N8= .CLR ,L 1< 1 :3> .CLR ;
N 9=fl< 1> • P1’, :~t< 2> . P
N1 0= M <2> .PP ,N< 3> .P;
N i l  G 1.0, C2 . I;
N 12=C2. 0,H 3 . P P ;
E N D;
NA~1E : ~1ULT 1;
PURPOSE: ICDESI GN ;
L E V EL: F F;
E X T :  : A , B ,P P , CLK , C L R , P , V , CN D ;
I N I’ L J T S  :A , B , PP , CLK , C L R
O[1I’L’TS: PU ;
TYPES: L)FF , F A D U , N A N D , INV ;
U F F: Fl , F2;
F Al ) D : A 1 ;
N A N D : C 1;
INV: C2;
Nl= .A ,C l .A;
N 2 = . B , C 1 . B
N 3= . PU , F 1. D;
N4= .CLK , FL. CK , F2. CK ;
N 5= . CLR , Fl. CL , F2. CL ;
N 6 =A 1 . 5 , . I’ ;
N 7=C 1. 0,G2. 1;
N 8=C 2 .0, Al . A ;
N 9=Fi. Q,A l  . B;
N 1 0=A 1 . CO , F2. D;
N i l  =A 1 . CI , F2 . Q;
E N D;

Figure 3: SDL representation of the design
of Figure 2

13



NAME: DFF ;
PURPOSE: ICDLSIGN ;
LEVEL: GATE ;
E X T : : C L K ,C L R ,D ,Q , V ,GND;
INPUTS: !), CLK , CLR ;
O U T P U T S :  Q;
T Y P E S :  NAND , 3NAND ;
N A N D :  C l  , G 5;
3 N A N D :  G2 , G3 , G4 , 66;
N1= .CLR ,G2. B ,C4.B ,G6. B;
N 2= . CLK , 63. B , 62. C;
N3= .D ,G4 .C ;
N4=G5 . 0, . Q, Gb. A;
N5=G4 .O ,G3 .C ,G1 .A;
N6=G3 .O ,G6. C ,G4 .A;
N7=G2 .O, G5 .A ,G3 .A ,Gl. B;
N 8=G 1 .0, G2 . A ;
N 9= 66.0,65.  B;
END;
NAME: FAD !);
PURPOSE: IC DLSIGN ;
LEVEL: GATE ;
E X T :  :A ,B ,C 1 ,CO ,S ,V ,GND ;
I~~P U T S : A , B , CI;
O U T P U T S :  CO ,S;
T Y P E S : N A N D ,3NA N D ,4 N A N D ,I NV ;
N A N D :  C l , 62 , 63 , 65 , 66 , 67;
3 N A N D :  64 , G 9;
4NAND: 68;
IN V : 610;
N l= ..A ,G1.A ,G4 .B ,G5 .A ,G7 .B;
N 2 .B ,G2 .B ,C4.A ,C6.B ,G7 .A;
N 3= . CI , G6.A , G5. B , 64. C , 63. B ;
N 4= 61 .0, 68. A;
N5=G2 .O ,G8. B ;
N 6= 63.0 ,68. C;
N 7 = G 4 • 0, 68. 0;
N 8 = C 5.0 ,69. A;
N 9=G6 .0,69. B;
N 10=67. 0, 69. C;
N1l=G8 .O , .S;
N 12= 69.0 ,610. I;
N1 3=G 1U .O ,G3 .A ,G 1.B ,G2 .A ,.CO;
E N D;

Figure 3: continued from preceding page
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NAME: INV;
PURPOSE: ICDESIGN ;
LEVEL: TRANS;
EXT : : I,O ,V ,GND;
INPUTS: I;
OUT PUTS :0;
T Y P E S :  T U ,TN;
TN: N A ;
TP: PA;
Ni = . I, PA . G,NA . C;
N2= PA .D ,NA .S , .0;
N3= . GND ,NA. S;
N 4= . V , PA. S;
END;
NAME: NAND ;
P U R P O S E :  I C D E S I G N ;
L E V E L :  T R A N S ;
EXT : : A , 8,0, V , GN D ;
I N P U T S  :A , B;
OUTPUTS :0;
T Y P E S :  I P , T N ;
TN:  NA ,NB ;
TP:  PA , PB ;
N 1 = . A , PA . C , NA. C;
N 2=PA . D ,PB. D ,NA. !), .0;
N3= .GND ,N B . S ;
N 4= . V ,PA. S,PB. S;
N 5 = . B ,PB. G ,N B  .
N 6 = N A .  S,NB .D;
END;
NAME: 3NAN D ;
PURPOSE: ICDLSIGN ;
LEVEL: TRANS ;
LX I : :A ,B , C ,0,V , GN U ;
I N P U T S  :A , B , C;
OUT PUTS :0;
T Y P E S :  TP  ,TN;
T N :  NA ,NB , NC ;
TI’ : PA ,PB , PC;
N l= .A ,PA . C ,NA . C;
N 2= PA .D ,PB.D ,PC.D ,NA .D ,.O;
N3= .GND ,NC .S;
N4= . V , PA. S , PB. S, PC. 5;
N5= . B, PB .6, NB .6;
N 6=NA.S ,NB .D ;
N 7= . C , PC. C, N C .  C;
N 8 N B  • S ,NC. !);
END;

Figure 3: continued from preceding page
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NAME: 4NAND;
PURPOSE:  ICDESI C N ;
LEVEL: TRANS;
LXI : :A , B ,C ,D ,O ,V ,CNI);
INPUTS :A , B , C,
OUTPUTS : 0;
TYPES: TI’ ,TN;
TN : NA ,N B , NC ,ND;
TI’: PA ,PB , PC , i’D;
N1 = .A ,PA .C ,NA. C;
N 2 P A . D , P B . D , P C . D , P D . D , ’ A  . D , . 0 ;
N 3 = . GN D , N D .  S;
N 4 = . V , l’A . S , P B .  S , P C .  S , P D .  S ;
N 5= . B , P B .  C , N B  . C ;
N 6 = N A .  5 , N B .  U ;
N 7= . C , P C .  G , NC . C;
N 8 = N B . S , N C . D ;
N 9 = . D , P D .  G , N D .  C ;
N 1 O N C .  S , N l J . D ;
END ;
NA M E : T N ;
PURPOSE :ICDES IGN ;
LEVEL : END;
EXI :  :C ,S ,D;
END ;
NA~1E: TI’;
PURPOSE: ICDESTC N ;
L E V E L :  END;
E X T :  :C ,D ,S;
END ;
C E N D ;

Figure 3: continued from preceding page
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or gate level using , e.g., TESTAID [4] or a circuit simulation at the tran-
sistor level , using SPICE or MOTIS [2][3]. At the higher level , the de-
signer could validate his design by means of a register-transfer-level simu-
lation or functional simulation , if it were properly specified.

The hierarchical structure as specified by the logi c designe r con-
stitutes a functional partition i ng of the system. This information is con-
veyed to the l ayout subsystem which will also be hierarchical in nature .
The layout subsystem will allow the designer to perform his task both in a
top-down and a bottom-up fashion by making use of this functional parti-
tioning info rmation . The characteristics of the l ayout subsystem are,
therefore, qui te di fferent from currently used systems such as Calma ,
Computervision and Applicon.

3. STRUCTURE OF THE IC LAYOUT SYSTEM

The layout system will be centered around a central design file which
will contain all of the information relating to the design at any point in
time . This file in itself will contain the hierarchical structure as de-
rived from the functi onal pa rtitioning presented by the logic designer. It
will also contain any technological information necessary to accomplish a
compl ete and correct layout. The structure of this system is shown in Fig-
ure 4.

The design file organization reflects the hierarchical nature of the
design process, as it was specified by the designer. Fi gure 5 shows the
storage structure associated wi th the 4-bit multi plier of Figure 2.

The highest l evel descripti on of MULT4 points to the lower level de-
scripti on of MULTi , NAND and INV. In the design system only one block of
the design will be in memory. The other blocks of the design will remain
stored on a direct-access storage device. The transfer of control from one
level of abstraction to another will be strictly under the control of the
designer. The data structure for describing an object at a given level is
illustrated in Fi gure 6.
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desi gner

SDL library

SDL Macro
compiler expander

intermdedi ate
language

physical [ des i gn file
library ] generator

technology
fi 1 e

des i gn ~~~~~~~~~~~~~

graphics file report generator
functions

placement routing

Figure 4: Structure of the IC layout system.
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OBJECT 1 
DIRECTORYHEADER 

_________________

M LT4 
I MULT4 I

Mi —I— I INV
Component 

NANDRecords _____________

M2
MULTi

M3

[G2 
_ _ _ _ _

OBJECT 2 OBJECT 3 ~ OBJEC~~~~~
- - HEADER \ HEADER

I NANI) 1 I~”I ~~~~

Figure 5: Hierarchical Structure of the Desi gn File
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TO HIGHER LEVEL
BOUNDARY DESRI PTION LIST

HEADER EXTERNAL CONTACTS 
______________ ______________

NAME 
_ _  _ _  _ _

— 
______________ COMPONENTS ______________ ______________

~~ NAME — _____________ — _____________

POINTER TO O~. _____________ _____________

[ 
LOCATION 

1ST 

____________

- ____________

NETS 
______________ ______________

Figure 6: Object description data structure
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This description contains i nformation on the components used to con-
struct this object, the signals that connect these components , the ex-
ternal contact points and the physical boundary description . The purpose
of the boundary descripti on is to specify the phys i cal shape and size of
the object. This is illustrated by the example in Figure 7. Besides the
physical outl i ne and the external contact locations the boundary descrip-
tion also describes the so-called exceptions , i.e., areas that can be used
for routing of interconnections at a higher level .

The interactive graphics functions are characteri zed by the hierarchi-
cal nature of the system, i.e., they only work on one function block at a
time . They will allow the designer to manually place and manipulate com-
ponents , to manually route interconnections in addition to such standard
features as zooming, panning, etc .

The initial implementation of the system will be oriented towards
manual design techniques . Algori thms will then be implemented for placing
components with arbitrary shapes and sizes and for routing the intercon-
nections between them. It must be emphasized that these algori thms will
operate at one l evel of the hierarchy only. In addition , topological l ay-
out methods based on previous work [10] will be i ncorporated into the sys-
tem. Such methods would provi de an initial topological desi gn of a block.
The final physical layout in such an approach would then be obtained using
a physical area optimization technique simi l ar to the one used in the FLOSS
system [9]. Another algori thm will deal wi th estimating the area to be
used by the design in order to allow the designer to determine optimal
shapes of cells.

A further feature that is currently being planned is to allow the user
to interacti vely specify a subcircuit of the total design . This subcircui t
would then be output in SOL . It will be possible for the designer to per-
form a gate-level logic simulati on on this subci rcuit by means of TESTAID
[2] or circui t simulation by means of MOTIS [3] or SPICE [2]. After a macro-
expansion to the appropriate l evel this subcircuit could then be laid out by

21
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10

BOUNDARY : 0.0 ,17.0 ,17.1 1,11.11 ,9.7 ,4 .7 ,4.9 ,0.9 ,0.0;

EXCEPTIONS: LEVEL=METAL ,O.2,6.2,6.O ,9.O,9.5,O.5,O .2/
9.7,17.1 ,17.5,11 .11 ,9.7;

CONNECTORS : LEVEL=METAL ,(l.9,3.9)(5.7,7.7),(ll.O ,l4.O),
LEVEL POLYSI ,(2.O ,4.O) ,(l3.lO ,15.1O);

Figure 7: Example of a Physical Boundary Description
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means of an automated l ayout system such as SICLOPS [8].

4. FUNCTIONAL CHARACTERISTICS OF THE IC LAYOUT SYSTEM

The design process starts with the specification of the logical aspects
of the design . This can either be done wit h the interactive logic diagram
drawing subsystem or by encoding the design directly in SDL . The design is
then compiled and expanded by the SDL subsystem. The designer at this point
chooses at what l evel the SDL expansion termi nates. If a low level is chosen ,
i. e., transistors , then only this l evel and any l ower are fetched from the
physical library . If, however , a higher l evel such as gate or regi ster is
selected , more information is fetched from the library . If the designer de-
sires quick turn around , automati c or semi-automatic , he would choose to
limi t the amount of expansion at the SDL stage and use the standard l ayouts
that are in the library . On the other hand , if the design is for high volume
production and a hand-tuned layout is needed,then the designer has the SDL
subsystem expand the circuit to the lowest level. While interacti ve l ayout
is taking place the designer can fetch any blocks that are in the library
and include them in his l ayout.

The basic idea in the layout subsystem is that the designer only works
at one level of abstraction at a time . This means that he can only place
components that are defined at that l evel. For instance , at a gi ven leve l
the designer would be able to place cells reoresenting flip-flops and to
route interconnections between these cells. He would , however , not be able
to change the shape of a cell if that would result in a denser oackagi ng.
In order to do that , he would have to go to a lower level and rearrange the
components at that level in order to obtain a more favorable shape for the
cel l design .

Typically, the manual layout of an IC would consist of two phases . The
first phase bei ng the preliminary design phase consisting of the following
steps:

1. Estimate the size of components at every level by using info rmation
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from the library about the components at the l owest level .

2. Perform an initial placement , either manually or automatically.

3. Determine the shapes of the components at this level for dense
packing.

4. Go to the next l evel and repeat steps 2, and 3 for each compo-
nent at this level .

5. Reiterate this process for the next levels of abstraction.

6. Go back to the highest l evel and step 1 to rei terate the process.
This fi rs t phase of the design would provi de the designer with a
reasonably accurate estimate of the shapes and sizes of all of the
components at the various l evels. The final layout , thouqh , would
have to be performed bottom-up using the information obtai ned in
the fi rst phase.

The second phase is really the detailed final design and is performed
in a bottom-up fashion. It consists of the following steps :

1. Using the cells at the l owest l evel , design components at the next
lowest l evel. This gi ves the shapes and sizes of the components at
that l evel .

2. Repeat this process for the next l owest level and so on , until
finally the layout is performed for the complete chip.

3. If the total layout is not satisfactory , one can go back and change
the cell shape at the l ower level and then from there on repeat the
process.

If the designer does not want to do a cell shape and placement estimate
he can skip phase 1 and go di rectly to phase 2. Phase 1 can also be done
part ial ly and at any time so the designer can use any mixture of phase 1 and
2 that he fi nds most useful .

As an example , take the 4-bit multiplier descri bed earlier , MULT4. To
layou t this circuit the desi gner would first use the interactive logic drawing
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subsystem to draw the overall outline and the externa l connections (Fig-
ure 2a). He would then specify what MULT4 is constructed of by filling

in the next level down (Figure 2b). He would then speci fy in a new drawing
the construction of each of the components that were used to construct
MULT4. There are three types of components used: MULTi , NAND , INV . MULTi
is specified next (Figure 2c). The specification of NAND and INV are post-
poned since they belong to a lower l evel than MULTi . The next step is to
repeat the process of specifying the components of the objects already de-
fined until the desired l evel of detail is reached. The example has been
specified down to transisto rs. MULT1 has 4 types of components , FADD , OFF ,
NAND , INV. The full adde r and the D fliofiop are descri bed in terms of gates
(Figure 2d and 2e). On the next level are the descriptions of the gates INV ,
NAND , 3NAND , 4NAND in terms of transistors (Figure 2f, 2g, 2h , 2i). The
example is described in CMOS technology . The lowest level of description is
that of the transistors themselves. There are two types of transistors used
in the example: n-channel and p-channel.

The descri pti on of MULT4 woul d onl y be carried down to t h i s  level  of

detail if the designer were intere s ted in a manual design . If the designer
desired an automatic design he would have left the descripti on in terms of
higher-level components .

The information in the drawings is now converted to SDL format and fed
to the SDL compiler. The output of the compiler is then loaded into a design
file and the inte racti ve layout of the ci rcui t is started.

The system will fi rst estimate the size of the cells at every level . The
designer then starts at the f4ULT4 l evel and with the aid of the system places
the 3 instances of MULT1 , the NAND and the INV and determines their shapes.
He then repeats this process at each l ower l evel until the transistor l evel
is reaches .

The next step is the actual l ayout of the chip. The transistor shapes
were fetched from the physical library . The designer i nteractively combines
the transistors to form the gates . The gates are then used to build the DFF
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and the FADD . These two are used to construct MULTi, and fi nal ly, r~1ULT4 is
constructed.

5. CURRENT STATUS

The SDL compi l e r  and expansion facility is currently operational. An
interface from SDL to the Hewlett-Packard Testaid system has been imp l emented ,
giving a logic simulation and test generation capability . Furthermore , an
automated logic diagram generation system that produces logic diagrams from
and SDL descri p tion has been imp l emented Ill].

The interactive design specifi cation subsystem will be operational by
late 1977. The nucleus of the IC layout subsystem , i .e., the design file
access functions and the primitive qraphics functions are scheduled for com-
pletion by the fi rst quarter of 1978 . At that time , an interface to SPICE
and MOTIS will also become available. The algori thmi c functions of the sys-
tem will be implemented fol l owing this.

Currently, most of the software runs on an IBM 370/168 system and makes
use of a Tektronix 4013 storaqe tube terminal. It is the i ntention to trans-
fer the system to a large 32-bit minicomnuter with extensive color-graohics
faci l i t ies .
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